Environmental DNA (eDNA) is emerging as a potentially powerful tool for inferring species' presence, and hence occupancy, from DNA that is shed into environmental samples such as water. Although eDNA screening has been used to detect DNA from a variety of taxonomic groups, it has not yet been used to identify DNA from species with numerous potentially sympatric confamilial species, a situation that may preclude the development of species-specific markers. There are 41 native freshwater mussel species (Unionidae) in Ontario, Canada. Many of these are potentially sympatric, and 14 species have been formally assessed as endangered, threatened, or special concern. We investigated whether there was sufficient variation within the cytochrome oxidase region (COI) to develop species-specific eDNA markers for at-risk unionids.
environmental samples such as water. eDNA screening has been used to detect DNA from a variety of taxonomic groups, including invasive species (Smart et al. 2015; Amberg et al. 2015) and species-at-risk (Davy et al. 2015; Janosik and Johnston 2015) . However, this method has not yet been tested on species with numerous potentially sympatric confamilial species, and we therefore do not know the feasibility of developing species-specific markers in such groups.
Fourteen out of 41 native freshwater mussels (Bivalvia: Unionidae) in the province of Ontario, Canada, are listed as either Special Concern, Threatened, or Endangered (COSEWIC 2014).
Identifying unionid populations is a major conservation challenge, made more difficult by their parasitic larval stage and the burrowing behaviour of juveniles (Boyer et al. 2011; MetcalfeSmith et al. 2007 ). In addition, physical site searches are costly, time consuming, and limited by various seasonal and environmental factors (Dejean et al. 2012) . A potentially more rapid and cost-effective survey method involves screening environmental DNA (eDNA) from water samples using species-specific markers (Ficetola et al. 2008; Mahon et al. 2013; Wilcox et al. 2013 ). Unionids in Ontario, which include several sets of congeneric species, collectively exhibit a combination of close and more distant evolutionary relationships (Lydeard et al. 2000; Manendo et al. 2008) . We tested the feasibility of designing species-specific markers on eight at-risk unionid species, and then determined whether we could extract and amplify unionid eDNA from water samples.
Methods
Cytochrome oxidase I (COI) mitochondrial DNA (mtDNA) sequences from 38 unionid species native to Ontario were obtained from GenBank (http:///ncbi.nlm.nih.gov/genbank) ( Table   1 ) and aligned using the ClustalW multiple alignment function in BioEdit Ver 7.2.5 (Hall 1999).
A total of 32 primer pairs were designed in silico for eight species of unionid mussels using D r a f t Primer-BLAST (Ye et al. 2012 ) based on a global search in GenBank against available COI sequence data (Table 1) for native Ontario unionids (Campbell et al. 2008; Boyer et al. 2011; Bronnenhuber and Wilson 2013) . We assumed that mussel species in the database had been accurately identified if the following conditions were met: 1) the associated published study provided an explanation of how mussel identifications were made, and 2) a BLAST search (Altschul et al. 1990 ) identified the closest matches for each sequence as conspecific sequences.
Post-hoc taxonomic verifications should not be considered infallible, but our validation of primers using DNA samples extracted from mussels that had been identified by one or more experienced mussel taxonomists further increased our confidence that the available sequence data were reliable. The number of available sequences for each species varied greatly: we obtained only one sequence for Amphinaias pustulosa, but more than one hundred sequences for Villosa iris (Table 1) . Primers were designed to incorporate the maximum number of nucleotide mismatches with other unionids, and to minimizing annealing regions that included intraspecific nucleotide polymorphisms. Four primer pairs annealed to regions that had either one or two nucleotide mismatches within species, but only one of these primer-pairs was later identified as species-specific (see below). Each of the resulting 32 primer pairs had a minimum of 2 speciesspecific nucleotides (mismatches with all other taxa) within each of the forward and reverse primer binding sites. Primer pairs were designed to amplify regions that were 150-400 bp in length.
To test primers for species-specificity, we collected tissue samples of 30 unionid species from the Ausable and Sydenham rivers in southern Ontario (Table 1) by nonlethal swab sampling (Reid et al. 2012) . Mussel shell valves were gently separated and held with a steel rod 4-5 mm in diameter, and the mussel foot and viscera were swabbed using a sterile brush. The D r a f t 5 majority were swabbed with a 6 mm diameter Qiagen buccal swab brush, although smaller unionids such as Villosa fabalis and Strophitus undulatus were swabbed with a 2 mm diameter Microbrush® International in order to minimize the stress to the animals. Swabbed brush tips were cut off and stored in 2 mL screw-cap cryovials with 1 mL 1X TNES-urea buffer at room temperature (Karlsson et al. 2013) . DNA was extracted from 200 µL of each swab solution that contained 6 mm brushes using a DNeasy Blood and Tissue Kit (Qiagen), following the manufacturer's Supplementary Protocol DY15. Qiagen extractions from swab solutions that contained the 2 mm diameter brushes yielded no detectable DNA, and were therefore extracted by alkaline lysis and ethanol precipitation (0.1X volume NaOH and 2X volume 100% EtOH, followed by centrifugation, 70% EtOH wash, centrifugation, and resuspension in 50 µL TE buffer).
Gradient PCRs were performed in Mastercycler epGradient thermal cyclers (Eppendorf).
Each reaction included 1U DreamTaq (ThermoScientific™), 0.2 mM dNTPs, 1X DreamTaq Buffer with 2mM MgCl 2 (ThermoScientific™), 0.2 µM of each primer, and 2 µL DNA in a final volume of 25 µL. Reactions included 2 min at 94°C followed by 30 cycles of 15 s at 94°C, 15 s at the annealing temperature gradient, and 30 s at 72°C, with a final step of 72°C for 1 min.
Optimal annealing temperatures for subsequent PCRs were identified from the gradient PCRs (Table 2) . We tested each primer pair on all 30 of the species for which we had DNA samples (Table 1) .
To test whether we could extract and amplify unionid eDNA, six replicate water samples Before sample collection, the Mason jars and transportation cooler were soaked in a 10% bleach solution for five minutes and then triple rinsed with deionized water. One 1-litre jar was filled with deionized water and then returned to the cooler as a negative control. Samples were collected from a 270L tank for which water is recirculated through a sand filter, UV sterilization, and a 1 micron-mesh bag filter before returning to the tank. Once a week, one-third of the water (90L) is replaced with water from a 1800L reservoir which has been through a parallel filtration (combined sand, UV, and 1um filtration). A small amount of unfiltered water (<2%) is supplied directly from the local waterbody (White Lake) to make up for evaporative and splash loss. Each 1 L sample was filtered onto Whatman TM GF/C glass microfiber filters (1 µm pore size) with an EZ Steam TM pump (PALL Corporation) upon return to Trent University (within approximately two hours). Prior to filtering, lab equipment was soaked in a 10% bleach solution for five minutes and then triple rinsed in deionized water. Filtering funnels were soaked in a 10%
bleach solution for at least two minutes and then triple rinsed with deionized water between each sample. Negative funnel controls were made by filtering deionized water through funnels before and after samples were filtered. The filters were stored in 1.5 mL microtubes at -20°C until DNA was extracted using a CTAB/magnetic bead protocol (Dempster et al. 1999; Coyne et al. 2006) .
Results and Discussion
Based on visualization of conventional PCR amplicons on an agarose gel, we identified one primer pair for each of six species that amplified DNA only from the target species (Table 2 ).
The remaining primer pairs either generated no amplicon; generated amplicons from multiple species;or were tested only on the target species (because a species-specific marker had already been found) ( Table 2) . One primer pair (PfaCOI2) amplified DNA from 28 out of 30 unionid species and may have potential as a pseudo-universal unionid marker. We were able to amplify D r a f t mussel eDNA using the generalist primer pair referred to above (PfaCOI2), and also using two additional primer pairs (GLfaCOI3 and LfaCOIc) that had previously amplified L. fasciola swab DNA extractions, but were not species-specific (i.e. each of these amplified DNA from the target plus two additional species). .
We were unable to design putatively species-specific markers for multiple species, and future research on these species should investigate additional gene regions or the potential increased specificity of primer-probe combinations that can be utilized in quantitative PCR.
However, the specificity of six of our markers and the successful extraction and amplification of unionid mussel eDNA are important demonstrations when investigating the feasibility of using eDNA as a supplementary tool for monitoring mussel populations and identifying their habitats (Stoeckle et al. in press). Although we had neither DNA samples nor haplotype accessions from three Ontario Unionid species, one of these (Elliptio crassidens) has never been collected alive from Ontario, and the remaining two are rare headwater species (Alasmidonta viridis and Anodontoides ferussacianus) that have very minimal spatial overlap with any of the species at risk. However, sympatric species will vary between regions and researchers should sequence initial positive PCRs to confirm target species amplification (Scriver et al. 2015) . This caveat may be particularly pertinent for primer pair VfaCOI3F, the species-specific primer pair that we designed for Villosa fabalis, because there was a single intraspecific nucleotide polymorphism within its primer binding site (Table 2) .
We have shown that monitoring freshwater mussel populations from eDNA may provide a feasible alternative to more traditional search methods, which are time-consuming and may be susceptible to bias associated with animal size (Hornbach and Deneka, 1996) or position (burrowed vs. unburrowed) (Amyot and Downing, 1991 
